miRNAs nomenclature is very interesting. The letters preceding the miR such as hsa (Homo sapiens) or mmu (murine) represent the species of origin. The "miR" represents the mature and the "mir" represents the immature forms of miRNAs. The number after the "miR" denotes the order in which the miR was identified. For instance, hsa-miR-30e was discovered before the hsa-miR-125b. The letters after the number, such as a and b, represent similar miRNA sequences that are encoded by separate regions, e.g. hsa-miR30a, miR30b, and miR30c. These miRNAs with similar sequences could target the same genes due to the presence of a common binding sequence (seed sequence). Two mature miRNAs could originate from the same hairpin precursor and are named as miR-30a-5p and miR-30a-3p to indicate the strand of origin. miRNAs play a critical role in multiple phenomena including development, organogenesis, and homeostasis. 8 Dysregulated expression of miRNAs is associated with the onset of diseases such as immune disease, neurological disease, cardiovascular disease and cancer. 9 Besides their existence within cells, miRNAs have been detected in several body fluids, including plasma, serum, cerebrospinal fluid (CSF), breast milk, urine, tears, semen, and saliva. 10 Interestingly, researchers have observed significant differences in serum miRNA levels during disease and certain physiological states such as pregnancy. 11 It is not clear whether circulating miRNAs are a byproduct of cellular degradation or if they are actively secreted into body fluids to regulate intercellular gene expression. 12 miRNAs are highly stable in the blood, being resistant to circulating ribonucleases and severe conditions such as extended storage, freeze-thaw, and extreme pH due to their packaging in lipid vesicles such as exosomes, binding to RNA-binding protein, and association with high-density lipoprotein. 13, 14 Their stability, along with the development of sensitive methods of detection and quantification such as miRNA microarray, TaqMan low-density array (TLDA), beadbased assay, NanoString technique, and deep sequencing, 15 makes them ideal candidates for a novel class of non-invasive, sensitive biomarkers. The quantitative polymerase chain reaction (qPCR) platform is a reliable and powerful method to measure low levels of circulating miRNAs. Microarrays are also commonly used but require more RNA. In a recent paper, Mestdagh et al. systematically compared 12 commercially available platforms for an identical set of 20 positive and negative control samples. These results provided metrics to objectively assess platform performance for reproducibility, sensitivity, accuracy, specificity and concordance of differential expression. The results shown in Figure 2 (obtained from Mestdagh et al.) suggest that each platform has its weakness and strengths and that the platform should be selected based upon the study goals. 16 
miRNA and multiple sclerosis miRNA expression in MS lesions
The use of miRNAs as biomarkers in MS is still evolving. The few studies that are published to date have used either whole blood, peripheral blood mononuclear cells (PBMCs), plasma, cerebrospinal fluid (CSF), T cells, or multiple sclerosis lesions for miRNA expression analysis.
In the first and only report of a comprehensive miRNA expression analysis in MS lesions, Junker et al. analyzed the expression level of 365 mature miRNAs by qPCR in 16 active and five inactive white matter MS brain lesions, and in nine control white matter specimens. 17 The 10 most strongly upregulated miRNAs in active MS lesions were expressed by astrocytes. Among these, upregulated miRNAs, miR-34a, miR-155, and miR-326 could putatively target CD47 and play a role in MS pathology by releasing macrophages from inhibitory control. 17 miR-155 is involved in Th17 cell development and has been linked to MS. 17, 18 miR-326 is also increased in PBMCs and CD4+ T cells isolated from relapsing MS patients and may play a role in the disease by increasing pathogenic Th17 cell development via targeting of the transcription factor ets-1. 19 miRNA expression in blood Otaegui et al. isolated PBMCs from a group of MS patients (4 in relapse, 9 in remission, and 8 healthy controls (HCs)) and analyzed the expression patterns of 364 miRNAs using real time (RT)-qPCR. 20 Results from this study showed that the expression of miR-18b, miR-493, and miR-599 was increased in relapsing patients compared to the control group. Validation of these results in a separate group (MS 3 remission, 4 relapse, and 7 HC) revealed that miR-18b and miR-599 may be relevant at the time of relapse. miR-96 was linked to remission and has putative gene targets in interleukin and wnt signaling. 20 .
In another study using paxgene tubes, miRNA screening was performed by microarray to analyze the miRNA expression patterns from relapsing-remitting 16 Platforms are divided into four technologies: qPCR, low-volume qPCR, hybridization and sequencing (as TM and TMp are essentially based on the same technology, only TMp is shown). Z-scores for eight metrics are shown. Ml, reproducibility; M2, titration response; M3, accuracy; M4, accuracy low-input RNA; M5, sensitivity; M6, sensitivity lowinput RNA; M7, specificity MS2 RNA; M8, assay cross-reactivity. Metrics were transformed in such way that a higher metric value (z-score) corresponds to a better performance (online methods). Each radial plot has an identical scale, which makes plots directly comparable. EX-miRCury (Exiqon), QU-qScript (Quanta BioSciences), QI-miScript (Qiagen), TMp-Taqman Cards preAmp (Life Technologies), WA-Smartchip (WaferGen), OA-Open Array (Life Technologies), AG-Microarray (Agilent), NS-nCounter (Nanostring), AF-Microarray (Affymetrix), IL-TruSeq (Illumina), IT-Ion Torrent (Life Technologies). MS (RRMS; n = 20) and HCs (n = 19). Significantly, dysregulated miR-145 could differentiate MS patients and HCs with an accuracy, specificity, and sensitivity of 89.7%, 89.5%, and 90.0%, respectively. However, some of the MS patients in this study were treated with either glatiramer acetate or interferon-β. 21 Other studies, discussed later, have also found that miR-145 is significantly associated with MS patients. 22, 23 In a another study, 24 the same group also used next generation sequencing (NGS), microarray analysis, and RT-qPCR in whole blood samples from treatmentnaïve patients with clinically isolated syndrome (CIS; n = 25), RRMS (n = 25), and 50 HCs to study miRNA expression patterns. Two miRNAs were found to be significantly downregulated (miR-20a-5p, miR-7-1-3p) and one miRNA was upregulated (miR-16-2-3p) by using both RNA Seq and microarray methods. 24 In another study, 25 the expression profile of 1145 miRNAs in PBMCs of 19 MS patients including RRMS (n = 7), secondary progressive MS (SPMS; n = 6), primary progressive MS (PPMS; n = 6), and 14 controls was analyzed using Illumina BeadArray. Some of the patients involved in this study had been treated with immunosuppressive drugs, interferon-β, or both. This study found a dysregulated expression of a total of 104 miRNAs in MS patients compared to the controls. However, during validation in a separate group of individuals using qPCR, only 2 miRNAs, let-7g and miR-150, were found to be different. 25 Altered expression of let-7g was also found in another study with 18 PPMS, 17 SPMS, and 24 RRMS patients using miRNA microarrays. 26 In addition, this same study confirmed a significantly decreased expression of miR-20a and miR-17 using qPCR. These miRNAs are involved in T cell activation and the target genes for these miRNAs were upregulated in MS whole blood RNA. 26 The observed downregulation of miR-20a in this study has also been reported in other MS studies, 21, 24 as discussed above.
In a more recent study, Sondergaard et al. analyzed miRNA expression profiles of PBMCs isolated from 20 treatment-naïve RRMS patients and 21 HCs using miRNA microarrays and identified 46 differentially expressed miRNAs in MS patients, 22 of which 17 miRNAs were upregulated and 29 miRNAs downregulated. Selected miRNAs were analyzed again in a validation group using qPCR in 12 treatment-naïve RRMS patients and 20 HCs. However, in the validation cohort, only 2 miRNAs, let-7d and miR-744, showed significant upregulation in MS patients compared to the controls.
In another study, Waschbisch et al. obtained PBMCs from patients with RRMS and analyzed the relative expression of five selected miRNAs (miR-20b, miR-142-3p, miR-146a, miR-155, and miR-326) by qPCR. 27 These miRNAs were selected based upon their previous reported function in Th17 cell differentiation (miR-326 and miR-155, discussed in previous section), regulation of immune tolerance (miR-142-3p and miR-146a), or innate immunity (miR-146a). They compared the miRNA expression levels between treatment-naive patients (n = 36) and healthy controls (n = 32). They observed the expression of miR-142-3p, miR-146a, miR-155, and miR-326 was remarkably increased in untreated RRMS patients compared to HCs. Further, they showed that the combination of miR-142-3p, miR-146a, and miR-155 yielded the best results in predicting disease with a sensitivity of 77.8% and a specificity of 88.0% (AUC 0.77). 27 
miRNA expression in circulating T cells of MS patients
MS is an inflammatory disease associated with IFN-γproducing Th1 and IL-17-producing Th17 cells. [28] [29] [30] miRNAs play a role in both T cell development in the thymus and their differentiation in periphery. De Santis et al. profiled regulatory CD4 + CD25 high T cells from 12 untreated RRMS patients and 14 HCs using an miRNA microarray and found differential expression of 23 miRNAs in regulatory CD4 + CD25 high T cells from MS patients compared to HCs. 31 These results were validated using real time-PCR and CD4 + CD25 high CD127 low cells, these results confirmed the upregulation of miR-106b, miR-19a, miR-19b, and miR-25 in CD4 + CD25 high of MS subjects compared to healthy subjects. miR-106b and miR-25 modulate the TGF-β signaling pathway and dysregulated expression of these miRNAs may alter regulatory T cell biology in MS. 31 In another study, Lindberg et al. used CD4+, CD8+ T cells, and B cells from 8 RRMS and 10 HCs to analyze the miRNA expression profile by TaqMan array and found that the miR-17-5p was upregulated in CD4+ T cells isolated from MS patients. 32 The miR-17-5p belongs to the miR-17-92 cluster and plays an important role in the development of autoimmunity and lymphoproliferative diseases in mice. 32, 33 Another study by Guerau-de-Arellano et al. suggested increased expression of miR-128 and miR-27b in naïve T cells and miR-340 in memory T cells isolated from MS patients. 34 All of these miRNAs are involved in suppressing Th2 differentiation and enhancing Th1 mediated autoimmune responses. 34 Another similar study showed altered expression of miR-29b in MS T cells and its involvement in controlling expression of IFN-γ and Th1 transcription factor, T-bet. 35 A more recent study on miRNA analysis in T cells by miRNA microarray by Jernas et al. used 11 RRMS patients (treated with interferon β) and 9 HCs, 36 identifying 21 miRNAs that were decreased in MS patients. Of these 21 differentially expressed miRNAs, 20 miRNAs have immune system related target genes. They confirmed the expression of two selected miRNAs (miR-494 and miR-197) by using quantitative PCR. 36 
miRNA expression in serum or plasma of MS patients
The stable expression of miRNAs in serum and plasma makes them an important candidate for a biomarker study. However, in the case of MS, there are only two reported studies that have analyzed circulating miRNA. In the first study on circulating miRNA in MS, Siegel et al. conducted a miRNA microarray analysis of over 900 known miRNA transcripts from plasma samples collected from four MS patients and four HCs. 37 They identified six plasma miRNAs (miR-614, miR-572, miR-648, miR-1826, miR-422a and miR-22) that were significantly upregulated and one plasma miRNA (miR-1979) that was significantly downregulated in MS patients. 37 In a more recent study by our group, we analyzed a total of 368 miRNAs in plasma samples of 10 RRMS, 9 SPMS, and 9 HCs using miRNA RT-qPCR. 38 We found that twenty-nine miRNAs distinguished RRMS from HCs, 35 miRNAs distinguished SPMS from HCs, and 16 miRNAs distinguished RRMS from SPMS. The 20 selected miRNAs were further validated on a larger cohort of 100 MS patients, 15 amyotrophic lateral sclerosis (ALS) and 32 controls using RT-qPCR. Among the validated miRNAs, we identified miR-92a-1* in the largest number of comparisons. It was different in RRMS versus SPMS, and RRMS versus HCs, and showed an association with EDSS and disease duration. The miRNA miR-92 has target genes involved in cell cycle regulation and cell signaling. 38 let-7a differentiated SPMS from HCs and RRMS from SPMS. The let-7 family of miRNAs is known to regulate stem cell differentiation and T cell activation, activate Toll-like receptor 7, and are linked to neurodegeneration. [39] [40] [41] [42] [43] The miR-454 differentiated RRMS from SPMS, and miR-145 differentiated RRMS from HCs and RRMS from SPMS. miR-145 findings were in consensus with previous studies in MS. 21, 22 Interestingly, the same circulating miRNAs (let-7 and miR-92) that were differentially expressed in RRMS versus SPMS also differentiated ALS from RRMS subjects, but were not different between SPMS and ALS, suggesting that similar processes may occur in SPMS and ALS. 23 Sondergaard et al. study discussed miRNA expression in blood, also measured miRNA expression in plasma samples from 22 MS patients and 22 HCs. They found that the expression of miR145 was most significantly different in MS compared with controls (22) .
miRNA expression in CSF of MS patient
In the only published study involving miRNA analysis in CSF of MS patients, Haghikia et al. tested global miRNA profiles to screen for reported miRNAs, 44 followed by single selected RT-qPCR to validate candidate miRNAs. They used the CSF of 53 patients with MS and 39 patients with other neurologic diseases (OND) for global miRNA profiling. This study showed that miR-922, miR-181c, and miR-633 are differentially regulated in patients with MS as compared with OND. Importantly, miR-181c and miR-633 differentiated RRMS from SPMS with 82% specificity and 69% sensitivity. 44
miRNAs as treatment response biomarkers in MS
Several studies have evaluated the effect of MS therapies on the regulation of mRNAs; [45] [46] [47] however, studies involving the effect of MS treatments on the regulation of miRNAs are lacking. Such studies are not only important in identifying a marker to analyze treatment response, but also to understand the molecular mechanism of treatment. To date, there are only three published reports on the expression of miRNAs upon treatment in MS patients. In the first published study, Waschbisch et al. obtained PBMCs from patients with RRMS, and analyzed the relative expression of five selected miRNAs (miR-20b, miR-142-3p, miR-146a, miR-155, and miR-326) by qPCR (also discussed in miRNA expression in blood section). 27 They compared the miRNA levels between treatmentnaive patients (n = 36), IFN-β-treated patients (n = 18: IFN-β1a i.m. n = 5, IFN-β1a s.c. n = 8, IFN-β1b s.c. n = 5), and patients treated with glatiramer acetate (n = 20). They excluded patients that were treated with glucocorticoids during the last four weeks before study entry. They observed the expression of the selected five miRNAs did not differ between treatment-naïve and IFN-β treated RRMS patients, the expression of miR-142-3p and miR-146a was significantly decreased in glatiramer acetate treated RRMS patients compared to the treatment naive MS patients. 27 In another treatment response study, Sievers et al. tested 1059 miRNAs in B cells isolated from 10 untreated MS patients, 10 natalizumab treated MS patients, and 10 HCs using microarrays. 48 These results showed that 10 miRNAs were differentially expressed in B cells from natalizumab-treated patients compared to untreated patients. Expression of the miR-106b-25 and miR-17-92 clusters was dysregulated both in untreated and natalizumab-treated patients suggesting a role for these miRNAs in MS pathogenesis. Functional cooperation among these two miRNA clusters, characterized by a reduction in pre-B cells and increased apoptosis, was suggested previously in mice. 48, 49 In a recent study, Hecker et al. used microarrays to investigate the expression of miRNAs and mRNAs in PBMCs of patients with CIS or RRMS in response to IFN-β therapy. 50 The blood samples were obtained longitudinally from six patients at four time points in the early phase of therapy, namely before the first (baseline), after second, and third IFN-β injection, as well as after one month of treatment. Upon comparing the expression levels at the three time points during therapy to the expression levels at baseline, 20 different miRNAs were filtered at various time points using MAID filtering method. This filtered method was previously discussed by Hecker et al. BMC Bioinformatics, 2009 and utilizes a t-statistic in conjunction with an MA-plot-based signal intensity-dependent fold-change criterion (referred to as MAID filtering) to select mRNA or miRNA with expression changes upon therapy. Of these 20 selected miRNAs, seven miRNAs appeared as upregulated and 13 miRNAs appeared as downregulated in response to the therapy. Two of the 20 miRNAs, miR-149-5p and miR-708-5p, were filtered at two different time points. For the remaining miRNAs, the expression changes were not very stable over the course of therapy. Most of the miRNAs (n = 14) were filtered as upregulated or downregulated one month after IFN-β treatment initiation, which corresponded with gene expression profiling. They used Affymetrix miRNA microarrays to replicate the miRNA measurements of the PBMC samples from three patients before the start of IFN-β therapy as well as after one month. These microarrays had a lower measurement range than the TaqMan miRNA arrays and 13 of the 20 filtered miRNAs showed the same trend of upregulation (let-7a-5p, let-7b-5p, miR-16-5p, miR-342-5p, miR-346, miR-518b) or downregulation (miR-29a-3p, miR-29b-1-5p, miR-29c-3p, miR-95, miR-149-5p, miR-181c-3p, miR-708-5p) with a significance threshold alpha = 0.10. Four miRNAs (miR-29a-3p, miR-29c-3p, miR-193a-3p, and miR-532-5p) were confirmed to be downregulated during treatment. For further validation, they selected five of the 20 filtered miRNAs to quantify their expression in PBMCs of an independent cohort of 12 patients (8 RRMS/4 CIS) using TaqMan single-tube assays. The PBMCs were obtained in a longitudinal manner before the first drug injection and after one month of treatment. During this step of validation, miR-29a-3p and miR-29c-3p could be confirmed as differentially expressed in response to IFN-β therapy. Expression of both miR-29c-3P and miR-532-5P was significantly decreased compared to the pre-treatment sample. Although, miR-16-5p and miR-149-5p showed the same trend of expression change as in the other data sets, but this was not statistically significant. 50
Conclusion
There is considerable excitement regarding the use of miRNAs in the biomarker field, which is well founded due to their stability and relative ease of detection. In this paper, we have reviewed the miRNA based studies carried out in MS patients in order to evaluate their potential as biomarkers. We observed a wide variety of results obtained by different groups (summarized in Table 1 ), which may reflect limitations associated with some studies, potentially due to the lack of a reliable assay platform, a low number of patients and the lack of strong validation using an alternative platform or set of patients.
In general, we find that there is a paucity of comprehensive studies to evaluate miRNAs as biomarkers in MS.
In order to develop a miRNA-based biomarker for MS or any disease, a most important prerequisite is the ability to quantify miRNAs from a variety of samples with sufficient sensitivity, accuracy and reproducibility. A number of variables such as specimen collection, RNA extraction, RT-qPCR, data analysis and normalization are some of the major challenges associated with miRNA-based studies. There is also considerable inter-sample variability in both the protein and lipid content of each individual's serum and plasma, which can affect the efficiency of RNA extraction and introduce potential inhibitors to RT-qPCR. Another major issue associated with miRNA based study is normalization, amplification and contamination. Due to the low concentration of miRNAs in body fluids, their quantitation is not only difficult, but also requires occasional amplification, which in turn creates an additional variable. Most importantly, there is no consensus on suitable small RNA reference genes that could be used as internal controls for biological variability. A common practice is to process an identical input volume of samples, which is later corrected for technical variability using spiked-in synthetic nonhuman miRNA as a normalizing control. 14, 51 In addition, the quantification of miRNAs in serum/plasma can be altered by contamination by miRNAs leaked from cellular components of blood, either through hemolysis during sampling, processing, or by carryover of whole cells in the serum/plasma. However, the studies published to date point towards miRNAs having a role in the future of MS biomarkers and to design proof of concept studies. It will require considerable effort from researchers in different fields to develop consensus protocols. The National Institutes of Health (NIH) is supporting these efforts by granting funds specifically to address these challenges in the field of miRNA as a disease biomarker. We believe it will not be long before the current challenges are overcome and a miRNA-based biomarker is established for MS.
